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ABSTRACT
Syndepositional halokinetic movement of the Pennsylvanian Paradox Formation in the Paradox
Basin, UT & CO behaved as a control over the development of depositional systems during the Late
Paleozoic and early Mesozoic periods (Trudgill, 2011). Understanding the controls on halokinetic
evolution in the area serves as an invaluable outcrop analogue for similar subsurface salt bodies in
petroleum-bearing basins and provides key insights for hydrocarbon exploration in salt basins world
wide.
Professor Valley, located 15 miles Northeast of Moab, UT is situated between the Fisher Valley
(Onion Creek) and Cache/Salt Valley salt walls. It includes an anomalous, isolated 0.5 km² outcrop of the
Pennsylvanian Paradox Formation 5 kilometers off the western flank of Onion Creek.
Previous data collected in the area include only six gravity data points for the entirety of
Professor Valley (Case & Joesting, 1972) with a decreased density of data towards both of the bounding
salt walls. This lack of data or significant potential fields work in the area creates the opportunity for
significant further geophysical investigations to better understand the area.
An extensive new survey of 254 gravity points covering the region in 300-meter grid spacing was
used in this study to identify subsurface features and guide an audio-magnetotelluric (AMT) survey. AMT
allowed for collecting vertically unique resistivity data for the subsurface with a depth-resolution of up to
5km given longer residence times at lower frequencies. These methods, along with detailed surface
geologic mapping of the area were used to determine the existence and subcircular geometry of the
Professor Valley salt diapir, as well as the lack of apparent subsurface connection to the nearby & along
strike Fisher Valley (Onion Creek) and Salt Valley salt walls. Diapiric rise most likely ceased shortly
after deposition of the Wingate Formation. Outcrops of the Paradox Formation are primarily gypsic
caprock, that locally surround unusual sandstone and conglomerate inclusions that are 10’s of meters
across. The inclusions are thought to be derived from Paradox Formation depositional cycles and carried
upward during diapirism.
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CHAPTER 1: INTRODUCTION
Salt basins around the world have long been the focus of significant hydrocarbon
exploration and production (Figure 1.1) (Smith, 2008), as their structures create productive
hydrocarbon systems in the adjacent deposits truncating or overlying salt bodies, and
subsequently deformed by them (Jackson, 2017). Total annual oil production in salt-driven
petroleum systems, such as the Louanne Salt in the Gulf of Mexico (GoM), represent some of the
highest global offshore hydrocarbon production. While hydrocarbon in the GoM peaked in 2003
at 1.6 billion barrels, there have still been major discoveries in the last decade. (Murawski et. al.,
2019). Given the flexural foreland basin structure of the Paradox Basin (Figure 1.2), it is difficult
to make one-to-one comparisons between the Paradox Bain and productive offshore GoM
deposits; however, the Paradox Basin does share similar characteristics on a smaller scale that
are useful for analyzing individual salt stock components of basins such as the GoM and offshore
west Africa that are passive margin gravity collapse systems (Rangin et. al., 2008), and the North
Sea, an extensional graben system (Badley, 1988). The Paradox Basin contains exceptional and
easily accessible exposures of the diapir/strata interface where the nature of hydrocarbon traps
can be studied in detail. For this reason, many major energy companies conduct field trips for
their employees to the Paradox Basin to better understand salt-associated petroleum systems.
The Fisher Valley/Onion Creek salt wall within the northern Paradox Basin (Figures 1.2
and 1.3) has been investigated to a moderate degree with a primary focus on geologic
interpretation and structural investigations. Hydrocarbon exploration in the Paradox Basin has
generated a great deal of industry data, although much of it is either too sparse to provide
meaningful constraints of salt depth in the study area or is proprietary industry information
(Rasmussen, 2009). Government and academic work have characterized many of the formations
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and general sub-basin scale structure of the surrounding areas through the interpretation of
outcrop exposure, bedforms, and trends of major sedimentary deposits. Surficial lithology maps
have been created in the area since the first geologic map of Utah made by Jules Marcou in 1855.
Present geologic maps have synthesized data from all preceding information in the Paradox as
far back as work related to the Colorado-Utah “salt domes” in 1927 (Prommel and Crum, 1927),
with the most comprehensive work in the area having been completed by Helmut Doelling in
2002 (Doelling, 1998; Doelling, 2002) (Figure 1.3). Although much of this mapping was
completed in person, some areas may have been mapped based on aerial photography or satellite
images, leading to possible misidentification of features having a low contrast, as I have found in
the Professor Valley field area (Figure 1.4). Structural interpretations have also been undertaken
on a large scale to map and identify subsurface salt bodies (Trudgill and Paz , 2009; Trudgill,
2011, Rowan et. al., 2016). These studies can be enhanced through the use of high-density
gravity data to provide a more detailed understanding of the subsurface.
This thesis uses a combination of geologic mapping, geochemical and petrographic analysis, and
geophysics (gravity and magnetotellurics) to characterize features of Professor Valley. The
results of this work suggest Professor Valley is an independent diapir/salt stock, not associated
with Onion Creek to the east and with a more limited, if any association with Salt Valley to the
west, although more geophysical data is needed to confirm the degree of its relationship with Salt
Valley.

2

Figure 1.1 – Shows unique global salt provinces in red with individual identifying codes.
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Figure 1.2 – Regional location of Professor Valley relative to Paradox Basin salt bodies and
Uncomphagre Uplift. Modified from Barbeau, 2003 and Trudgill, 2011

Figure 1.3 – Location of the Professor Valley field area (red circle) between the Salt Valley
and Onion Creek salt bodies (pink shading) showing the anomalous outcrop of Paradox
Fm.examined for this study. Geologic base map from Doelling (2002).
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Figure 1.4 – Paradox Fm. outcrop and other stratigraphic units exposed in Professor Valley.
Mapped geology from Doelling in 2002. Inset map shows regional location of the study
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CHAPTER 2: GEOLOGIC
SETTING AND PREVIOUS
STUDIES
2.1 GEOLOGIC OVERVIEW
The Paradox Basin, located in southern Utah and Colorado, is a large, asymmetrical,
northwest trending flexural foreland basin that formed in the Middle Pennsylvanian as a result of
thrust-loading of the Uncompahgre uplift located along the northern margin of the basin (Figure
1.2). (Baars and Stevenson, 1981; Barbeau, 2003; Kluth and DuChene, 2009). This deformation
was associated with a much larger tectonic event known as the Ancestral Rocky Mountains
(ARM) Orogeny, a Late Paleozoic event over what is now the central-western area of the United
States. The event included formation of basement-involved arches and thrust-bounded structural
highs extending from southern Idaho to central Texas (Baars and Stevenson, 1981; Kluth and
DuChene, 2009).
While it is believed the ARM deformation belts were active from the latest Mississippian to
the early Permian, their method of formation is still debated since the event is the result of
intraplate tectonics not associated with plate boundaries and is overprinted with Laramide-related
deformation (Dickinson and Lawton, 2003; Kluth and DuChene, 2009; Barbeau, 2003). One
theory suggests the ARM was triggered by subhorizontal subduction of an oceanic plate in a
manner analogous to the Laramide Orogeny, however there is no evidence for Pennsylvanian
subduction beneath the paleo-Cordilleran continent (Ye et. al., 1996). More likely methods of
formation include compressional forces associated with continental collision of Gondwana and
Laurentia to form Pangea since the ARM is coincident with the Laurentia-Gondwana collision
zone (Kluth and DuChene, 2009) or intracontinental strain during late-Pennsylvanian closure
along the Ouachita suture-belt (Dickinson and Lawton, 2003). Thick deposits of syntectonic
6

sediments exist in ARM basins as uplifts experienced erosion and infilled the concomitant
flexural accommodation space across areas with features congruent to the Paradox Basin
(Barbeau, 2003) (Figure 2.1).
The Paradox Basin is bounded by the Uncompahgre uplift to the east and the Zuni-Defiance
uplift to the south with a typical basin thickness of up to 15,000 feet (4,600 meters) in some
places (Nuccio and Condon, 1996) (Figure 1.2). Initial deposition in the basin consisted of MidPennsylvanian restricted marine, glacio-eustatic cycles of siliciclastic, carbonate, and evaporites
of the Paradox Formation (Dubiel et.al., 2009) (current Figure 2.1). The overlying Upper
Pennsylvanian Honaker Trail Formation consists of transgressive open marine shelf strata
comprising cyclically bedded limestone, sandstone, and shale (Ritter et. al., 2002). The Honaker
Trail mostly marine units were followed by continental deposition of arkosic fluvial and alluvial
deposits of the lower Permian Cutler Group, consisting of sandstone, siltstone, and mudstone that
account for the thickest sections in the basin as sediment influx outpaced the generation of
accommodation space and show a continuation of retreating sea level in the area (Kluth and
DuChene, 2009; Trudgill, 2011). Fault analysis also shows that major tectonic activity from the
Uncompahgre uplift had ceased during deposition of the lower Permian Cutler Group (Thomas,
2007). Extrabasinal tectonic influences on the Paradox Basin were absent during most of the
early Mesozoic with variable intrabasinal salt-wall growth occurring up until the mid to late
Jurassic when local facies variations were no longer salt controlled in the Paradox Basin
(Trudgill, 2011). During the Triassic, syndepositional salt mobility controlled the thickness and
depositional characteristics of the sedimentary units from the shallow nearshore deposits of the
Moenkopi Formation to the alluvial plain deposits of the Chinle Formation and into the Early
Jurassic eolian facies of the Wingate Sandstone (Trudgill, 2011). This period of time is best
7

characterized by salt-sediment interplay near diapirs and the burial and preservation of
significant thicknesses of sediments in adjacent minibasins (Baars and Stevenson, 1981;
Barbeau, 2003; Dubiel,et.al., 2009; Kluth and DuChene, 2009; Trudgill, 2011; Venus et. al.,
2015).
Large scale deposition ceased in the Late Jurassic with the onset of the Sevier orogeny. As
an extension of the greater Cordilleran retro arc thrust belt, sediment accumulation during this
orogeny was either slowed or eliminated through uplift, tilting, and erosion of the existing strata
as compressional forces led to shortening of the area in the form of large-scale northeastsouthwest trending anticlines. However, the extent of this non-deposition or erosion is unclear as
the Laramide Orogeny occurred as a consecutive event beginning in the Late Cretaceous (Baars
and Stevenson, 1981; DeCelles and Coogan, 2006). The Laramide Orogeny was a wave of
contractional tectonism sweeping over the western United States driven by either low angle
subduction of the Farallon plate to the east or as a continuation or the Cordilleran collision
(English and Johnston, 2004) and uplift during the Late Cretaceous to middle Tertiary. This is
also shown by the stratal deformation via salt structures leaving no doubt of the influence of the
Laramide Orogeny in the area that extended into the Paleogene (Trudgill, 2011).
2.2 PROFESSOR VALLEY STRATIGRAPHY AND STRUCTURE
Paradox Formation (Map unit Pp) – Desmoinesian (307-315MA) The Paradox
Formation consists of 29 halite-bearing evaporite cycles, which also contain interbeds of
dolomite, siliciclastic and black mudstone (Doelling, 2002; Raup and Hite, 2000). The cycles
resulted from glacio-eustatic sea level fluctuations in the Pennsylvanian period associated with
restricted marine circulation and the deposition of evaporites within the accommodation space
created by flexural loading by the Uncompahgre uplift (Baars, 1981; Suttner and Dutta, 1986).
8

The Paradox Formation ranges in thickness from roughly 14,000 feet (4267 m) to thinned or
welded out areas distal to the structural highs of diapirs and salt walls.
Honaker Trail Formation (Map unit Ph) – Upper Pennsylvanian (~295MA)
The Honaker Trail Formation contains non-evaporite cycles of marine limestones alternating
with mostly nonmarine siliciclastics (Ritter, 2002). The lower contact of the Honaker Trail
Formation with the underlying Paradox Formation is a regional unconformity, and while the unit
may be absent over or adjacent to the salt walls it can be nearly 4,300 to 6,500 feet (1310 to 1980
m) in thickness in the diapir adjacent minibasins (Welsh and Bissell, 1979; Doelling, 2002).
Outcropping Honaker Trail within the Paradox Basin salt province is confined to megaflap salt
structures typically on the south side of salt walls (Escosa et. al.. 2019; Thompson-Jobe, 2020)
Cutler Group (Map unit Pc) – Lower to upper Permian (260-290MA) The Cutler Group
is an undivided sequence of depositional systems ranging from alluvial fans proximal to source
areas to the northeast in the ancestral Uncompahgre Highlands, westward through eolian ergs,
sabkhas, and fluvial-floodplain units in medial settings, to estuarine and tidal or sabkha and fully
marine systems in distal settings (Dubiel et al., 2009). The group consists primarily of subarkosic
to arkosic sandstone, conglomeratic sandstone, and conglomerate interbedded with silty and
sandy mudstone with outcrops that are mostly red brown, red purple, red orange, and maroon.
The group is sourced from large alluvial fan complexes shed from the Uncompahgre uplift to the
northeast of the field area and was primarily a fluvial system of braided streams with minor
marine transgressive limestone deposition in the lower units (Doelling, 2002). The Cutler Group
comprises the vast majority of geologic surface exposure in the Professor Valley area and has
significant thickness of strata at up to 3,500 feet (1,066 meters), but thickness varies greatly
when approaching salt-cored anticlines (walls). The primary driver for this is the salt-loading
9

accommodation space created throughout the deposition of the Cutler Group (Doelling, 2002;
Moore, 2007).
Moenkopi Formation (Map unit Trm) – Lower Triassic (240-250MA) The Moenkopi
Formation is an ephemeral fluvial system deposit of thinly laminated to thin-bedded micaceous
mudstone, siltstone, and fine-grained sandstone that includes shale, gypsum, and conglomerate
that accumulated in a series of actively subsiding salt walled mini-basins as flood-basins or
inland sabkha settings that moved between shallow and subaerially exposed environments
(Doelling, 2002; Banham and Mountey, 2013). These deposits record salt diapirism, evaporite
exposure, and salt-withdrawal subsidence during the Early Triassic (Trudgill 2011). The
inclusion of detrital gypsum and dolomite clasts derived from the middle Pennsylvanian Paradox
Formation in strata within a few kilometers salt walls also indicate that salt rise rates roughly
balanced sediment accumulation, resulting in long-term exposure of mobile evaporites (Doelling,
2002; Lawton and Buck, 2006; Banham and Mountey, 2013).
Chinle Formation (Map unit Trc) – Upper Triassic (210-225MA) The Upper Triassic
Chinle Formation is subdivided into an upper and lower section. The lower section is
characterized by gray-purple to mottled, indistinctly bedded siltstone and pale-gray-red and
white pebbly, cliffy or ledgy, quartzitic conglomerate with locally interbedded gypsum. The
upper portion consists of red-brown or gray-red, silty, fine-grained sandstone which often
weathers to expose angular, pebble to cobble-sized clasts with pink-gray, nodular-weathered
limestone beds present having red-brown to orange, fine-grained, medium to thick beds of
sandstone on the upper end (Doelling, 2002). Soft-sediment deformation structures, climbing
ripples, and channel-fill bodies are found throughout the deposits as changes in energy occurred
in these fluvial channel deposits in what was the Chinle alluvial plain (Hartley and Evenstar,
10

2018). This formation is also significant in that it is one of the youngest deposits to show
significant syn-sedimentary halokinetic deformation. Salt movement created variable spatial and
temporal changes in the Chinle which affected accommodation space and depositional
characteristics to include intraformational and interformational unconformities, cyclic geometries
and abrupt changes in fluvial style, localization of axial drainage, local thickness variations,
redistribution of horizons, and topographically triggered avulsion (Hazel, 2000; Hartley and
Evenstar, 2018).
Wingate Sandstone (Map units Jw) – Lower Jurassic (199-206MA) The Wingate
Sandstone is a thick-bedded eolian sandstone which forms steep escarpments and is the oldest
primarily eolian unit of the Jurassic system on the Colorado Plateau. The Wingate Sandstone
forms very blocky, steep to vertical cliffs which include vertical joints and large scale crossbedding, characteristic of dunes (Lawton, 2015, Okyay and Khan, 2016). This unit produces
prominent cliff faces surrounding the field area, however there are outcrops found as a fall block
between the east-west trending inferred buried faults making up a 3km wide graben that bounds
Professor Valley to the north and south (Doelling, 2002) (Figures 1.3 and 1.4). As one of the
major geographic highs of the area, this feature is adjacent to the exposed Paradox Formation to
the south and creates an east-west trending anticline structure plunging to the northwest.
Kayenta Formation (Map unit Jk) – Lower Jurassic (185-195MA) The Kayenta
Formation overlies the Wingate Sandstone where it caps many of the high mesas to the west of
the field area. It is thicker in areas not immediately adjacent to Professor Valley. Thickness and
facies variations within this formation are generally minor in comparison with the older
stratigraphic units due to their deposition after or during the waning stages of salt tectonics in the
basin (Trudgill, 2004). The lower portion of the formation is dominated by very thick to massive
11

fluvial sandstone lenses. Thin sections of dark-red-brown siltstone locally separate sandstones to
make up the lower portions. Medium to thick sandstone beds and sporadic intraformational
conglomerate lenses interspersed with siltstone comprise the middle portion of the formations
creating step-like erosional characteristics. The upper portion consists of slope forming lenses of
fluvial or eolian sandstone with a greater relative thickness than other sandstone beds in the
formation. (Doelling, 2002).
Quaternary Deposits (Map unit Qa) – (present to 2.6MA)
Alluvium deposits in the field area have the potential to impact gravity interpretations given their
low density and low gravity signature when they are thick. The mapped units in the field area
denoted as Qa1 are the youngest alluvium deposits consisting of sand, gravel, silt, and clay.
These are primarily deposited from active washout and typically 15 feet (4.5 m) in thickness
(Doelling, 2002). Qap3 deposits are pediment-mantle based and derived from material from the
surrounding cliffs. They show up in the field area in the divides between washes and creeks and
are roughly 20 feet (6 m) in thickness. (Doelling, 2002). Qafy are alluvial fan deposit which have
poorly sorted, unstratified and poorly defined subhorizontal bedding with sandy cobble gravel.
The thickness of these deposits is not well constrained in the field area and can be highly
variable based on their location with the structure of the alluvial fan, but in Castle Valley to the
south, water wells and USGS data indicate up to 350 feet (107 m) of material. (Doelling, 2002).
Previously mapped Paradox Fm. salt bodies have been long recognized due to surface
expressions in geology giving a rough approximation of their location in the subsurface. Modern
interpretation use a more integrated approach to include well data, seismic, magnetics, and
gravity data (Figure 2.3). Previous research and applications using gravity methods have been
sparse, with all relevant work derived from a large-scale gravity and magnetics survey conducted
12

by Case and Joesting (1972) over roughly 15,000 square miles of the central Colorado Plateau
for the purposes of exploration for uranium, oil, and potash. This gravity survey used a Worden
gravimeter (+/- 0.5 mGal (milliGal) precision) (Figure 2.4). Station spacing in my study area was
sparse, with only 6 data points collected. Elevation controls were noted as the largest potential
source of error with a range of uncertainties up to 20 to 40 feet (6 to 12 m) in areas with
significant topographic variation. Instrument drift was assumed to be less than 1 mGal/day an
believed to be generally accurate to 0.2-0.3 mGal with respect to base stations. Case and Joesting
considered drift to be a negligible source of error in comparison to elevation (Case and Joesting ,
1972).
Although survey errors make the use of these data in Professor Valley limited, Case and
Joesting’s results accomplished their intended purposes in creating an impressive and large-scale
interpretation of density variations within the region. The expansive work by Case and Joesting
has been used by others to create a large-scale gravity gradient map (Banbury, 2005) based on
the gravity contours originally presented in Case and Joesting’s hand-drawn interpretations. This
later work has been used to create large scale models for salt structures, thickness, and areas of
the flanks with Paradox welds on the flank of salt structures (Figure 2.5) (e.g., Trudgill, 2011).
The sparseness of Case and Joesting’s (1972) original data does not allow use of these gravity
gradient maps for determination of the smaller scale structure of my study area.
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Figure 2.1 – Ancestral Rocky Mountain (ARM) related uplifts and basins (from Malone et.
al., 2017)
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Figure 2.2 – Stratigraphy map symbols for units in the field area as mapped by Doelling
(modified from Doelling, 2002).
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Figure 2.3 – Historically mapped salt structures in the paradox basin and a modern version
with the location of Professor Valley marked by a red arrow (modified from Shoemaker et.
al., 1958 and Rasmussen and Rasmussen, 2009).

Figure 2.4 – Gravity survey of the Paradox Basin and surrounding areas of southeast Utah
with a detailed section showing the Professor Valley area and the surrounding Salt Valley
and Onion Creek salt walls (modified from Case and Joesting, 1972).
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Figure 2.5 – Gravity gradient map of Paradox Basin Salt bodies relative to the data it was
processed from (modified from Trudgill, 2011 and Case and Joesting, 1972)
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CHAPTER 3: GEOLOGIC
METHODS
3.1 PETROGRAPHIC ANALYSIS
I collected hand samples of all the different lithologies of mapped Paradox Formation
during the late February 2021 field mapping season. Much of the mapped Paradox Fm. lacked
lithified or cohesive sections from which an appropriate sample could be taken that would
provide a fresh surface with little to no alteration. Although thin sections can be created from
individual grains, the degree of alteration and exposure to elements were the primary
considerations for choosing samples. Throughout the exposure, I found only eight outcrop
locations that are lithified to a degree that would allow me to create thin sections, so I took a
sample from every location possible (Figure 3.1). I extracted the hand samples from outcropping
sections using a rock hammer and then broke them into smaller portions to remove any areas of
obvious weathering or leaching around the edges. I bagged each sample individually and marked
the time and date of its collection either on the bag or directly on the surface of larger hand
samples using a sharpie pen.
I used a rock saw to cut the hand samples in half to expose a clean surface. I then cut one of
the sections into a rectangular billet of approximately 3 cm x 5cm and a minimum 2 cm of
thickness to give overlap for typical thin section dimensions of 26 mm x 46 mm. Due to the
extreme accuracy needed to maintain petrographic characteristics in thin sections, these billets
were sent to Spectrum Petrographics Inc. They used an epoxy base to cut the billets down to a
standard 30 µm-thick section and then mounted it to a glass plate. They stained the thin sections
for calcium carbonates using Alizarin Red-S, which are characterized by a red stain. I chose this
staining because I expected its presence in the field area. I then analyzed the samples using a
Leica polarizing microscope to evaluate the optical characteristics at a variety of magnifications
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in both plain-polarized and cross-polarized light.

3.2 CARBONATE ISOTOPE ANALYSIS
I used isotope analysis to determine if outcrops within the mapped Paradox Fm. surface
exposure at the field site are depositional carbonates within the Paradox Formation or are
carbonate caprock, which would support a diapiric origin of the Paradox outcrops. I chose two
locations from the largest outcrops within the mapped Paradox Fm. that most closely resembled
hand samples of previous cap rocks identified from other salt bodies in the Paradox Basin.
I prepared rock samples for isotopic analysis by powdering each sample using a Dremel
drill. I then placed approximately four milligrams of the samples in plastic vials labeled with
their sample number and bulk mineralogy. Two samples were given to Dr. Ben Brunner who
sent them to the W.M. Keck Paleoenvironmental & Environmental Stable Isotope Laboratory
(University of Kansas) to determine their oxygen (δ18O) and carbon (δ13C) isotope values. The
laboratory digested the samples with phosphoric acid and analyzed the evolving carbon dioxide
gas for its carbon and oxygen isotope composition. They calibrated the samples to the Vienna
PeeDee Belemnite (VPDB) scale. The laboratory monitors their analytical precision by daily
analysis of a standard (NBS-18). They run the standards at the beginning, middle, and end of a
40-sample cue, and stopped the runs if the standard 18O is more than 0.17‰ off. The δ18O and
carbon δ13C values of the NBS-18 standard are –23.20‰ and –5.01‰, respectively.

3.3 GEOLOGIC MAPPING AND WELL DATA
My first trip for data collection in Professor Valley focused on collecting gravity data rather
than geologic mapping, however in walking to each station in 300 meter grid spacing I took note
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of any significant outcrops or potential areas of interest for mapping and data collection using
GPS markers. The station spacing gave full coverage of the field area and guided my work that
focused specifically on geologic mapping. While I took strike and dip measurements during my
transverses of all areas of Professor Valley over the course of several trips whenever I identified
a significant outcrop, I completed most of the field mapping of the area of interest surrounding
the Paradox Fm. in late February 2021 (Figure 3.2) with the guidance of Dr. Kate Giles and Dr.
Carl Fiduk. I reviewed the satellite imagery of areas of significant alluvium coverage to evaluate
the potential for surface exposures of older units and then walked through the areas to groundtruth their absence. I covered all areas of Professor Valley to confirm they aligned with the
previous mapping by Doelling in 2002, however the only major changes I identified were
directly surrounding the Paradox Fm. surface exposure due to the complexity of the area.
During field mapping, I took notes and recorded the locations of strikes/dips as well as
outcrops geologic features primarily in a Q-GIS mobile project on a smartphone. I collected
coordinates for these data through the use of a Garmin GLO 2 bluetooth GPS receiver paired
with the phone, which gave an accuracy of +/- 20 feet due to the lack of vegetation coverage and
open landscape. I brought geologic maps to the field in both printed and digital formats to use as
references for verifying the locations in the field relative to both satellite imagery and to a
georeferenced digital copy of the Doelling 2002 map.
During mapping and data collection I requested and gained access to a property to the south
of my field area known as Professor Valley Ranch represented by the lower of the two red
polygons (Figure 3.3). While discussing the geology of the area with the property owner they
mentioned a previously drilled water well for The Professor Valley Field Camp which is
represented by the second red polygon to the north. This well did not produce water as it struck
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Paradox Fm. at roughly 200ft (61 m)which was confirmed by the field camp. Although drilling
data for this well has not been obtained the information and general depth of the Paradox Fm.
was deemed reliable given other geologic and geophysical information. Further efforts will be
made to obtain this data and use this information to enhance gravity and MT processing and
interpretations.
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Figure 3.1 – Location of samples collected for thin sections and isotope analysis.
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Figure 3.2 – Field area where mapping was completed (modified from Doelling, 2002).
23

Figure 3.3 – The location of the Professor Valley Ranch in the lower polygon and Professor
Valley Field Camp where a water well was drilled in the upper polygon are in the west side
of the field area, roughly a kilometer from the Paradox Fm. surface exposure.
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CHAPTER 4: GEOPHYSICAL
METHODS
4.1 GRAVITY DATA COLLECTION AND PROCESSING
Use of gravity to identify salt bodies in the subsurface relies on the principle of variable
gravitational influence as controlled by the distance and density of materials to the location of a
measurement (Hinze et. al., 2013). The application of gravity data is especially useful in
identifying salt bodies due to their relatively low density in comparison to other common
geologic deposits and features. Halite has an average density of 2.16 g/cc which makes
significant deposits easy to identify in comparison with adjacent sedimentary deposits of
sandstone such as the Cutler Group in the field area at ~2.55 g/cc or an intrusive igneous body of
granite at ~2.65 g/cc. However, the Paradox formation does not consist entirely of halite, but
rather 29 cycles of inclusions from varying materials and densities such as anhydrite, halite,
shale, dolomite, and limestone across the entire basin (Figure 1.3). From these inclusions the
average density of the Paradox Formation is closer to ~2.3 g/cc (Case and Joesting, 1972;
Massoth and Tripp, 2011). In addition, the outcropping Paradox Fm has undergone significant
diagenesis, resulting in highly variable surface density.
The limitation of using gravity data to identify subsurface salt bodies lies in its non-unique
nature. The gravity field is an average of the material beneath it, and while the density of deeper
materials produces less of an impact than larger bodies near the surface, it still has an influence
on the values recorded. As such, determining discrete values regarding depth to salt from gravity
alone is not possible, but approximations can be made with further processing. (Hinze et. al.,
2013).
For this survey I used a LaCoste and Romberg G model Gravity Meter, serial number G1115. The repeatability of the meter is 0.1 mGal and accuracy is better than 0.04 mGal as stated
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by LaCoste and Romberg data sheets. The meter uses a zero-length spring attached to a mass on
a beam to record the force displacement required to null the mass in dial readings. These
readings are then converted to values in mGals using a conversion sheet specific to this meter.
The spring, beam, and mass are all encased with significant insulation and a battery powered
heater to ensure constant temperatures to maintain stable material properties of the zero-length
spring for repeatability and consistency of measurements. My use of improved level gauges on
the meter ensured consistent readings and positioning perpendicular to the horizontal plane. I
transported the meter in the field using a modified Alice pack with an internal shelf to support
the unit’s hard case and more easily carry it in remote locations, as well as to avoid applying any
potential forces that might create a tear in the data as a result of shifting of the spring, beam, and
mass.
I used a handheld GPS for rough guidance to pre-planned coordinates for station locations
(Figure 4.1). I then collected the GPS coordinates used to process the gravity data for this survey
using a Topcon GB-1000 GNSS GPS Receiver with a PG-A1 Antenna w/Ground Plane. I
applied a 15-degree mask across the horizon to ensure data quality and avoid fringe satellites
from impacting readings. Since my study area was relatively flat and open the GPS units
consistently received good satellite coverage and returned data in the mm range of accuracy for
most stations. The GPS system relied on both a rover and base unit configuration that
communicated throughout the day to give improved accuracies due to corrections from the static
base. I instituted a ten minute residence time at the beginning of each day to ensure proper
communication between the units, after which the GPS reading for each individual station had a
240 second (4 minute) residence time. I recorded and processed all the GPS data using a NAD 83
UTM Zone 12N coordinate system.
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At the end of each field day, I processed the data for GPS positions to ensure the values
captured were reasonable and that no errors were found in the data, as the equipment has no selfidentifying error indications. During my daily data verification process I found one loop had
locations that were far outside the acceptable bounds (hundreds of meters) and identified the
error had come from a loose cable. This allowed me to recollect the data the following day. I
post-processed the GPS data two weeks after field collection using the Online User Positioning
Service (OPUS) provided by the National Oceanic and Atmospheric Administration (NOAA).
This software provides properly resolved GPS coordinate solutions based on the most up to date
earth surface models.
All gravity surveys were tied to the absolute gravity base station located in Moab, Utah
(Jablonsky, 1974) (Figure 4.2) The stated absolute gravity value of 979,564.89 mGals at this
station was adjusted by 13.74 mGal in accordance with the 1971 Potsdam datum standardization
to a current value of 979,551.15 mGals The base station is located at the corner northeast corner
of Main Street and Center Street on the sidewalk and as of 2022 the previous First Security Bank
is now a Wells Fargo Bank.
I made seven loops over a period of three days to establish a relative absolute gravity base
station in the Professor Valley field area with a computed absolute gravity value of 979,566.00
mGals (Figure 4.3). I positioned the station to the most central location in the field area that was
accessible by road to limit closure time for each loop. The station can be identified by a ½”
diameter nail head sunk into the ground and buried under a small cairn of limestone cobbles at
NAD83 coordinates 38.70608706, -109.3667465.
For each gravity measurement I would unload the gravimeter balancing dish from an
assistant’s pack and place it on the ground, making it as level as possible to minimize additional
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leveling required when the gravimeter was placed on the dish. I would then remove the
gravimeter from the pack and place it in the dish while positioning it as close to level as possible
by hand as indicated by the leveling beams on the meter. I would then use the balancing turrets
to lower or raise one side of the meter until the leveling beams were close to center and begin to
operate them simultaneously to prevent displacement of one affecting the other. Once leveled, I
would unlock the mass and determine if the reading was lower or higher than the previous. If
higher I would rotate the dial counterclockwise until the dial reading beam was to the left of
center, indicating a lower reading. This was done to ensure dial rotation always occurred from
the same side to eliminate error from inconsistent dial rotations in opposing directions. I would
then turn the dial in small increments until the beam began to move towards center. Finally, I
would begin to move the dial in even smaller increments over longer periods of time to not
overshoot centering the beam. Once the dial beam was centered, I would record the dial reading
in a field book. I would also record the instrument’s temperature at every other station. I would
call out “locking mass” and have it repeated back to me each time after a reading was collected.
Then I would lock the mass before moving the gravimeter back into the assistant’s pack. When I
began to start unloading the gravimeter, my assistant would place the GPS rover pole in the sand
directly adjacent to the meter at a consistent depth on the pole’s base point relative to the
leveling dish. The assistant would then call out when starting the four minute residence time for
the reading. After I recorded the gravity readings in my field book, I would call out the next
station number to the assistant in charge of the GPS unit who would call back with the station
reading shown as next on the GPS unit to ensure station numbers matched with no recording
errors.
I processed the gravity data collected in the field using standard methods including
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converting dial constant to mGal where conversions were done using an excel macro to account
for values between interval factors of 100 dial readings (see Table 4.1). I accounted for drift by
determining the closure difference of each gravity loops and applying the change in readings
linearized over the time between each reading. I then determined absolute gravity values from
the observed values collected in the field through the tie to the local base station. With the earth
having a stronger gravitational field at the poles due to its ellipsoidal shape, I followed work
done by Moritz (1980), Blakely (1996), and Hinze (2005) to apply a correction which accounts
for this change in gravitational attraction, with a change in latitude as seen in equation (2) from
Hinze et. al. (2005) using the GRS80 ellipsoidal system. Using a change in gravity values at a
rate of 0.3087691 mGal per meter in elevation difference, I applied a free air correction to
account for the topographic variations that create an impact on readings in a similar manner to
latitude changes. Coordinates for latitude were referenced in NAD83 and free air correction
elevations in NAVD88. The simple Bouguer anomaly accounts for the mass between the station
elevation and sea-level. In processing the simple Bouguer anomaly using Oasis Montaj I chose
an average crustal rock density of 2.67 g/cm3, 1 g/cm3 for water, and disregarded density values
of ice. I used minimum curvature to grid the values of observed gravity, free air anomaly, and the
simple Bouguer anomaly within Oasis Montaj.
The second vertical derivative of the gravity field was processed by Mark Baker. The
significant topography limited areal coverage, and the observed east-west gravity gradient across
the Professor Valley field area, favor using an equivalent source calculation, rather than violate
the assumptions underlying the FFT (fast Fourier transform) gradient computation. The
equivalent source approach estimates the observed gravity with an array of vertical line elements
below the stations. Horizontal and vertical gradients are computed by perturbing the
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measurement location by one meter vertically and horizontally (Blakeley, 1996). The equivalent
source computation estimated the observed gravity field with an RMS error of 0.072 mGal,
assuming a measurement accuracy of 0.1 mGal. I chose to restrict this derivative map to this
study’s stations since the sparse Case and Joesting data gave bulls-eye anomalies at this accuracy
level.
For the simple idealized geometry of a salt diapir, the second vertical derivative has a value of
zero at the edge of the diapir where there are vertical contacts. With more complex geology,
spatially consistent zero and gradient values highlight contacts, but it is ambiguous where body
contacts at different depths cross each other.
4.2 MAGNETOTELLURIC DATA COLLECTION AND PROCESSING
The magnetotelluric (MT) method is based on measuring the electric and magnetic field
strengths at the surface of the earth. These signals are induced by magnetic field changes related
to the earth’s field interacting with the solar wind. These measurements can give discriminatory
values for both conductivity and resistivity of materials in the subsurface through which
electrical currents have passed (Simpson, 2005). This makes MT methods especially useful for
identifying materials with contrasting physical properties such as the sediment formations in the
Paradox Basin and the very high resistivity evaporites of the Paradox Fm.
To collect data (see Figure 4.4 for sounding locations), I used a Phoenix Geophysical MT
system with a MTU-5C receiver, three magnetic induction coils, four non-polarizing electrode
pots, a grounding rod, and an attached GPS unit with data being recorded on a 64GB SD card.
On setting up this equipment two field assistants and I calibrated the system through sensor
calibration procedures internal to the receiver. As this was the first time MT data were collected
in this location, we conducted a parallel noise test to determine the degree of electrical or
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magnetic interference with the naturally occurring fields and allow for corrections. Following
this we placed magnetic induction coils to the northeast of the receiver and oriented them northsouth and to the southeast that were oriented east-west. We buried all coils under a layer of
topsoil. The third sensor was buried vertically as deep as possible with a hand auger. We placed
electrical pots in the four cardinal directions as determined by a hand compass. These were
buried and grounded with a saline solution to ensure good electrical contact. The instruments
were left to run continuously overnight with a minimum of 12 hours of data collection for each
system to obtain the maximum possible depth resolution.
The magnetic and electric field time-series were analyzed using the EMPower software
(Egbert, 1997). The time-series are Fourier-transformed and the resulting spectra are filtered to
reject both 60 Hz power-line noise and frequencies where the electric and magnetic fields have a
coherence less than 0.5. The electrical impedance, or apparent resistivity, is computed from a
ratio of the electric and magnetic field strength at each frequency.
Impedances are computed for both transverse electric (TE) and transverse magnetic (TM)
modes, over a range of 0.001 to 1000 Hz. TE and TM modes have different interpretation
strengths relative to structure depth and structure orientation. The high frequencies attenuate
quickly while low frequencies penetrate more deeply and average over deeper structures.
Additional data editing is made by the interpreter to remove weak and incoherent impedance
estimates. When two MT stations are measured on the same day, then a remote reference
correction can be made to improve data quality (Gamble et al., 1979; Egbert, 1997). The
Professor Valley soundings use this correction.
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Figure 4.1 – Locations for gravity reading stations for survey 1 and survey 2 with the
surface exposure of the Professor Valley Paradox Fm.
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Figure 4.2 – Moab absolute gravity base station data sheet from Jablonsky 1974.
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Figure 4.3 – Professor Valley absolute gravity base station established through referencing
the Moab absolute gravity base station.
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Figure 4.4 – Location of the magnetotelluric station locations guided by previously
collected gravity data.
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Table 4.1 – Conversion sheet for dial readings to mGals for the L&R G-1115 gravimeter
used to process gravity data.
Dial Reading
0
100
200
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
3000
3100
3200
3300
3400
3500

Value in mGal
0
101.58
203.15
304.7
406.24
507.77
609.29
710.81
812.32
913.82
1015.32
1116.82
1218.32
1319.82
1421.32
1522.82
1624.33
1725.84
1827.35
1928.87
2030.39
2131.92
2233.46
2335.01
2436.56
2568.12
2639.69
2741.27
2842.86
2944.45
3046.06
3147.68
3249.3
3350.93
3452.58
3554.23

Interval
1.01581
1.01566
1.01556
1.01541
1.01531
1.01522
1.01515
1.01509
1.01505
1.01502
1.01505
1.01499
1.01499
1.01500
1.01502
1.01505
1.01509
1.01513
1.01518
1.01524
1.01531
1.01538
1.01545
1.01553
1.01561
1.01570
1.01579
1.01588
1.01597
1.01606
1.01616
1.01625
1.01634
1.01643
1.01625
1.01661

Dial Reading

Value in mGal

Interval

3600
3700
3800
3900
4000
4100
4200
4300
4400
4500
4600
4700
4800
4900
5000
5100
5200
5300
5400
5500
5600
5700
5800
5900
6000
6100
6200
6300
6400
6500
6600
6700
6800
6900
7000

3655.89
3757.56
2748021
2850.91
4062.62
1464.32
4266.02
4367.73
4469.45
4571.17
4672.90
4774.63
4873.36
4978.09
5079.82
5181.55
5283.28
5385.01
5486.73
558.45
5690.16
5791.86
5893.56
5995.25
6036.92
6198.58
6300.23
6401.86
6503.48
6605.07
6706.65
6808.20
6909.73
7011.24
7112.71

1.01669
1.01678
1.01685
1.01693
1.01700
1.01706
1.01712
1.01717
1.01721
1.01725
1.01728
1.0173
1.01731
1.01732
1.01731
1.0173
1.01727
1.01723
1.01718
1.01712
1.01705
1.01696
1.01686
1.01675
1.01662
1.01648
1.01632
1.01615
1.01596
1.01576
1.01553
1.0153
1.01504
1.01476
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CHAPTER 5: RESULTS
5.1 PETROGRAPHIC ANALYSIS
Competent and lithified material in the mapped Paradox Fm. of the field area were difficult
to find, so samples were taken at all 8 locations where possible. There was no exposed halite in
the field area but isolated outcrops of potential Paradox Formation were present in small
exposures, some of which were less than a meter across. The area forms a low topographic
mound with limited exposure of lithologic bodies (lithosomes) of different composition.
Paradox Lithosome #1 – Calcareous sandstone (Figure 5.1). The hand sample for this rock
is tan in color and well weathered, with massive bedding. It contains 80% quartz grains
averaging 1/16mm to 1/8mm in size with carbonate cement/matrix (much of which was
originally carbonate grains) so that it appears to be a “cement-supported” fabric. Subangular to
subrounded and poorly sorted grains suggests a short travel distance from the source. Quartz
grains are also rimmed by what appear to be authigenic clays and have solution fabric of
embayed calcite starting the replacement of existing quartz grains. Grain boundary sutures and
some compaction features can be found sparsely throughout the sample but not present in most
grain boundaries seen. Trace amounts (<5%) of the thin section include a variety of
igneous/metamorphic lithic grains.
Paradox Lithosome #2 – Quartz sandstone (Figure 5.1). The hand sample for this rock is
tan in color and well weathered, with massive bedding. This sample is grain supported with
>95% quartz grains. Small (~1/10mm wide) veins filled with calcite cement occur throughout.
Sub-rounded to sub-angular grains with a high degree of sorting (~1/10mm grains). Some quartz
grains show undulous extinction indicating signs of pressure and have suture features along grain
boundaries. Remaining (<5%) mineral assemblage includes primarily plagioclase feldspar as
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shown by exsolution lamellae and extinction angles as well as what are likely pseudo-cement
from compacted carbonate grains rather than void-filling fluid precipitated cement. The degree
of compaction indicates the sample experienced high pressures at some stage.
Paradox Lithosome #3 – Gypsum (Figure 5.1). The hand sample has a gray-blue color with
a tabular texture having some void space. This lithesome is almost entirely coarsely crystalline
gypsum with significant dolomite microinclusions. The gypsum has foliation with undulatory
extinction fabric. Zoned, doubly- terminated, euhedral quartz crystals are present.
Paradox Lithosome #4 – Carbonate Mudstone (Figure 5.1). Reddish color on weathered
external surface, gray to tan surface with examples of void space on clean surface. This sample is
primarily mudstone that has been recrystallized locally to medium crystalline fabric. Rare
skeletal (mollusc?) fragments and (<1%) quartz grains are present. Local chalcedony
cement/replacement is present. Void space shows examples of local fenestral fabric.
Paradox Lithosome #5 –Calcite Recrystallized Dolostone (Figure 5.2). Reddish color on
weathered surfaces and pale gray on clean surfaces with a mottled and cracked texture. This
lithosome displays a recrystallization fabric of ~80% dolomite and 20% calcite. There is a high
variation in crystal sizes for both calcite and dolomite (nanometer to mm), which display crosscutting relationships suggesting calcite replacement of dolomite. Small quantities (<1%) of
pyroxene are present. The primary feature of interest in this sample is the stylolite seen in plain
polarized light (PPL) across the length of the thin section. This combined with the dolomite
form being baroque with undulatory extinction indicates heavy compaction and high
temperatures and pressures during diagenesis. Doubly-terminated quartz crystals are present.
Paradox Lithosome #6 – Stromatolitic dolomicrite (Figure 5.2). Laminar bedding and
fenestral fabric is obvious in hand sample, brown color with a slightly lighter gray for non-void
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spaces. An irregularly cryptalgal-laminated, dolomicrite with calcite-cemented fenestral fabric.
Local desiccation cracks indicate wetting/drying cycles of what is likely Sabkha derived algal
mats. Minor calcite cement-filled veins.
Paradox Lithosome #7 – Carbonate-Matrix Conglomeratic Sandstone (Figure 5.2). Vuggy
surface texture of a light tan color. This Lithosome has ~70% calcite micrite matrix between
siliciclastic lithoclasts and sand grains of quartz, plagioclase feldspar, and K-feldspar. Lithoclasts
range from 4mm to 8mm in size. Larger clasts look to be reworked and derived from previous
cemented sandstone containing quartz and plagioclase. There are foliated lithoclasts of
metamorphic/mafic rocks probably derived from basement rocks. Solution voids can be found
throughout the thin section (~20%). The angular nature of the quartz grains and presence of
hornblende in clasts indicates a short distance of travel for the siliciclastic grains in this sample.
Paradox Lithosome #8 – Sandy, Carbonate Lithoclast Wackestone (Figure 5.2). Tan color
in hand sample and shows clasts that stand in weathered relief compared to the surrounding
matrix. This lithosome has 80% micritic carbonate matrix with carbonate lithoclasts (size
range?) throughout the sample. Quartz and gypsum grains/fragments can be found in small
quantities throughout the sample. This could be a variant of Lithosome #7.
5.1 CARBONATE ISOTOPE ANALYSIS
One of the identifying features of a diapir can be the presence of caprock, a lithologic
assembly which forms as a result of chemical reactions between typical evaporite materials and
shallow groundwaters (Warren, 2006). In the presence of sulfate-reducing bacteria carbonates
my crystalize in the caprocks. Typically, caprocks include anhydrite, gypsum, calcite, and
dolomite (Warren, 2006). Samples taken from the same outcrop of Lithosome #4 and Lithosome
# 6 for thin sections (Figure 3.1) in field area were analyzed by reviewing the 18O and 13C
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composition to determine the origin or carbonate-carbon and evaluate the diagenetic trends and
history for these samples which are represented by the blue diamonds in Figure 5.3. Typical
caprock has a 18O composition of roughly -5‰ to -1‰ and a 13C composition of -6‰ to -11‰
where other carbonates that experience a different style of diagenesis will hold different values.
The two samples selected have a 18O composition of roughly -13‰ and a 13C composition of 7‰, sitting on the lower end of the meteoric diagenesis trend of Paradox Formation depositional
carbonates.
5.2 ISOTOPE ANALYSIS
One of the identifying features of a diapir can be the presence of caprock, a lithologic
assembly which forms as a result of chemical reactions between typical evaporite materials and
shallow fluids flowing through them in a process known as meteoric diagenesis. Typically, these
assemblies include anhydrite, gypsum, calcite, and dolomite (Warren, 2006). I analyzed samples taken
from the same outcrop of lithosome 4 and lithosome 6 for thin sections (Figure 3.1) in the field area by
reviewing the 18O and 13C composition to determine the origin or carbonate-carbon and evaluate the
diagenetic trends and history of these samples which are represented by the blue diamonds in Figure 5.3.
Typical caprock has a 18O composition of roughly -5‰ to -1‰ and a 13C composition of -6‰ to -11‰
where other carbonates that experience a different style of diagenesis will hold different values. The two
samples selected have a 18O composition of roughly -13‰ and a 13C composition of -7‰, sitting on the
lower end of the meteoric diagenetic trend.

5.3 REVISED GEOLOGIC MAP
In this study, revision of the Doelling (2002) Professor Valley geologic map relationships
focused on the nature of the outcropping Paradox Formation and contacts with younger
Paleozoic and Mesozoic stratigraphic units and their internal stratal architecture. Figure 5.4 is the
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revised geologic map of the study area.
My modifications to the Doelling (2002) map were concentrated in the area immediately
surrounding the Paradox Fm. surface exposure as this was the primary area of interest for the
study. This area also had the greatest degree of geologic variation involving multiple units,
complex faulting, and Paradox Fm. and surrounding sediment interplay. The geologic units (not
including alluvium) I mapped that are distal to the Paradox Fm. surface exposure are comprised
the Cutler Group. Alluvium deposits over broad areas had no discernable outcrops of Cutler
Group to take measurements of so every outcrop available was recorded. Although there is some
slight variability to strike and dip measurements, they overall have a decreasing dip with uniform
strike moving away from the Paradox Fm. surface exposure. One of the main changes to the map
was within the area where Lithosome #2 outcrops. Based on the high quartz sand grain content
and signs of intense fracturing near the map fault, I changed the map unit classification from
Paradox Fm. outcrop to an extension of the northeast-southwest trending Kayenta/Wingate
Sandstones. One of the major geographic highs of the area occurs to the south of this outcrop, in
a large body containing primarily the Chinle and Wingate formations, which are folded in an
east-west trending anticline plunging to the northwest. Due to a lack of brecciated material or
unit offset along the Doelling (2002) mapped fault separating opposite sides of Chinle
Formation, I reclassified this as a gently plunging fold.

5.4 GRAVITY RESULTS
A map of observed gravity values (Figure 5.5) show features different from previously
published expectations for salt bodies in the area with a linear gravity high striking northeastsoutheast across the northern portion of the field area, decreasing gravity values to the east side
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of the field area with a saddle like structure trending northwest. These values are heavily
influenced by elevation changes in the field area and reflect the increasing elevation to the east
near the sheer cliff faces leading into Onion Creek and the decreasing elevation to the north and
the west when approaching the Colorado River.
The free air anomaly map (figure 5.6) shows the general form and structure characteristic of
a salt body relative to the surface exposure of Paradox Fm.. The gravity contours begin to take a
slightly rounded shape with contours tightening on all sides of a center apex in what resembles a
dome. Contours are however tightening to the east and south while remaining comparatively
open to the west and north.
The Bouguer anomaly map (Figure 5.7) smooths out the shape of contours and elongates
them in both an east and west direction with tightening bands to both the north and the south. In
contrast with the free air anomaly map, the structure begins to appear much less discontinuous
and erratic with little to no extreme angles or sharp curves surrounding the crest of the apparent
structure. This trough however is still located slightly to the west of the Paradox Fm. surface
exposure. While the overall structure seems to be much better resolved, this offset still leaves an
incongruity in geologic observations and the geophysical data processing given where one would
expect the thickest section of a simple salt body to be located.
The second vertical derivative map (Figure 5.8) is far more discontinuous and complex than
the Bouguer anomaly map, which is to be expected given its processing methods and relative
exaggeration of near surface variations in physical properties. The zero-value contour is
highlighted as a black heavy solid line and is the approximation of the areas of high density
contrast. The contour line would be readily interpreted as the location of body edges of the
Paradox Salt Fm. and surrounding sedimentary deposits. This contour appears far more irregular
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than expected for a simple diapir and suggests some variation in materials within the diapir itself.
Most of the unique features surround the Paradox Fm. surface exposure to the east and correlate
well to surface features (e.g., faults, folds) and mapped units.
5.5 MT RESULTS
Unit 1 (Figure 5.9) of the Phoenix Magnetotelluric data were collected directly over the
lowest gravity values (Figure 4.4). These recorded resistivity values for the shallowest portion of
the readings have three relative peaks. The first two peaks reach roughly 6x103 ohm-m, with the
last and most significant resistivity reading in the range of 6x105 ohm-m. Unit 2 is located ~1.25
km NW of the maximum gravity low in a region of tighter gravity contours (Figure 4.4). It does
not show any results for depths shallower than ~ 300 m. The overall structure is that of a large,
highly resistive body reaching a maximum of roughly 6x105 ohm-m at a deeper depth than
observed for Unit 1. Although the depths are not accurate without further processing, water well
results will help constrain the depth to the top of Paradox for additional modeling.

43

Figure .5.1 – Thin section samples 1 through 4 with scale.
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Figure .5.2 – Thin section samples 5 through 8 with scale.
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Figure .5.3 – Isotope analysis for thin section sample 4 and sample 6 show a relationship to
the meteoric diagenetic trend but do not cluster well within known caprock values. .
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Figure .5.4 – Modifications to the Doelling (2002) geologic map are centered around the
Paradox Fm..
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Figure .5.5 – Observed gravity from the field area with data points shown in crosses.
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Figure .5.6 – Free air gravity anomaly from the field area with data points shown in crosses.
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Figure .5.7 – Bouguer anomaly from the field area with data points shown in crosses.
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Figure .5.8 –2nd vertical derivative with a solid line representing the value of zero where
body edges are interpreted..

51

Figure 5.9 – Magnetotelluric readings from the Phoenix MT system Unit 1 and Unit 2.
Depth on vertical axis and resistivity on horizontal axis. Note depth scales are different for
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CHAPTER 6: INTERPRETATION
In this section I will first cover geologic interpretations and the impact the changes and
modifications to preexisting work have on the interpretations of the structure of the area. Then I
will merge these results with the geophysics data to create an integrated interpretation and
analysis.
I modified the mapped extent of the Paradox Fm. based on my petrographic analysis that
indicated the Paradox Formation outcrop in the area to a single body with a local thin veneer of
alluvium covering it. The highly variable lithosomes found within the Paradox Fm. outcrops
represent gypsic caprock or sedimentary inclusions of Paradox Formation non-evaporite
sedimentary facies. While the isotope values for 13C of my two samples fall within the threshold
where one would expect caprock, they did not cluster well with other known caprock samples
from the Paradox Basin (Figure .5.3). 18O and 13C values are instead aligned with the meteoric
diagenesis trend of other Paradox Basin carbonates. This indicates that what I sampled was not
carbonate caprock but rather a carbonate- inclusion derived from the Paradox Fm., which had
gone through some degree of meteoric diagenesis.
The progressively decreasing northward dip of younger beds within the Cutler Group from
34 to 5 degrees north with distance (<1km) north from the surface exposure of the Paradox Fm.
(Figure 6.1) indicate syndepositional halokinetic deformation or growth strata forming taperedcomposite halokinetic sequences (Giles and Rowan, 2012). Regional thinning on the flanks of
where Paradox Fm. was mapped in the subsurface are in agreement with deformation caused by
salt mobility and its rise during deposition of the adjacent units.
Both the Bouguer anomaly and the second vertical derivative of my gravity data show a
clearer view of the structure and extent of the salt body beneath the Paradox Fm. surface
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exposure. While these values do not take any single unit into consideration, their interplay with
the Cutler Group, when overlain with surface mapping results, show a clear relationship between
this unit and the geometries of the processed gravity data (Figure 6.3).
Area A1 of the Bouguer anomaly in Figure 6.4 shows a general trend of contours following
the surface exposure of the Cutler Group. This same trend is observed in area A3, although it is
slightly less in alignment. In contrast, the level of detail in the vertical derivative map reflects the
zero-contour line following the features in B1 and B3 nearly perfectly. Given an identical
geometry between gravity values and mapped features, the Cutler Group in this area was
deformed by the underlying diapir which controls its shape and expression at the surface.
The Cutler Group in area B3 nearly overlaps with the zero-contour line, indicating that it can be
considered the boundary for the salt extent. This matches the models of other salt walls in the
area characterized by counter-regional features with shallower dipping beds on the side nearest
to a sediment source (Uncompahgre uplift) and a steeper, near vertical section of salt on the
distal side (Figure 6.2). Area B1 differs from this pattern because the Cutler Group surface
exposure extends up to 0.5 km south from the zero-contour line before reaching alluvial cover.
The disparity observed at B1 is characteristic of a thin roof where the Cutler Formation extends
over the edge of a diapir before meeting its crest. This structure also suggests the likelihood that
most of the alluvium located within the generalized shape of the zero-value contour is thin and is
underlain by the Paradox Fm..
In contrast to the simple relationships at B1 and B3, the B2 area is far more complex, both
geologically and with respect to the zero-value contour. Linear east-west running contours are
aligned perfectly with the extension of Moenkopi and Chinle bodies and surrounding faults. This
east-west trend also has a slight offshoot to the southwest which is transected by a major north54

south running fault. The fault directly north of the Paradox Fm. surface exposure also appears to
exert some influence on the trends and direction of the zero contour lines. On the southern side
of area B2 the zero-value contour is defined by the large, feature composed predominantly of
Chinle and Wingate associated with an anomalous low gravity value that trends along the
anticline I mapped. The orientation of the geologic units plunging into the direction of the salt
body, paired with this anomaly, indicates this is a newly identified feature known as a burial
wedge. A burial wedge is a competent unit overlying salt that was subjected to salt mobility and
evacuation, creating a drape fold in the competent unit (Langford et. al., 2021)
The general structure as identified by gravity data shows a classic diapir shape as inferred by
the Bouguer anomaly and constrained by the second vertical derivative. The extent of the diapir
reflects it has no relationship with the Onion Creek salt wall to the east, based on the tight
anomaly contours and zero values for the vertical derivative. However there appears to be a
tenuous relationship of the Professor Valley diapir with the Salt Valley salt wall to the west,
based on the expanding anomaly contour lines and lack of closure of the vertical derivative’s
zero value contour in this area. Further gravity investigation would be needed to confirm this.
Based on the gravity data analysis I developed a cross sectional model (Figure 6.5) which
incorporates the characteristics exhibited most closely to analogous salt bodies that can be
deduced from the gravity results. The model includes a shallower depth to buried Paradox Fm.
with slightly more upturned beds on the southern flank, generally domal shape, and near surface
thin roofs. Basement faulting at depth is inferred from the preexisting Doelling (2002) model and
modified at depth in accordance with reasonable depths for the area.
High resistivity values for salt of roughly 6x105 ohm-m are unique in that there are few other
Earth deposits that approach these values that also are characterized by a low density. While the
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MT data collected for Unit 1 (Figure 5.9) reflects lower resistivity values near the surface
directly over the diapir, the depositional and deformational style of salt bodies includes
upwelling of depositional inclusions which are pulled to the surface from depth. These inclusions
likely correspond to the relatively low resistivity layers overlying a deeper, high resistivity body
(the salt). In addition, the ~60 m depth to the Paradox encountered in the water well drilled at the
Professor Valley Field Camp is consistent with the increase in resistivity observed at a similar
depth for the Unit 2 sounding (Figure 5.9).
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Figure .6.1 – Strikes and dips recorded in the field with inferred dips from a nearby line
shown as dashed under alluvium. .
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Figure .6.2 – Characteristic form of halokenetic deformation demonstrating thinning of
deposits near the diapir and a decreasing dip with increasing distance away from the diapir.
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Figure .6.3 – Evolution of the Gypsum Valley salt wall with similar structural
characteristics to the Professor Valley Diapir (from Escosa et. al. 2017)
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Figure .6.4– Comparison between characteristics of the Bouguer anomaly and the 2nd
vertical derivative relative to surficial lithology.
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Figure .6.5– Generalized cross section of the Professor Valley Diapir (modified from
Doelling, 2002).
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CHAPTER 7: CONCLUSIONS
This integrated geologic and geophysical study of the Professor Valley area indicates that the
anomalous outcrops of the Paradox Formation in the area are diapiric in origin. The salt body is a
subcircular salt diapir with syndepositional growth strata of Permian age. This study reinforces
the usefulness of gravity methods in constraining subsurface salt geometries, especially in areas
like Professor Valley where seismic geophysical datasets cannot be obtained. From this work I
found there is good evidence the Professor Valley diapir does not have any significant subsurface
relationship with the Onion Creek salt wall and likely has a very limited to no relationship with
Salt Valley as well.
Smaller scale features shown by integration of geology and geophysics are consistent
with features of other salt diapirs (reference paper Kate sent me).
Given the bounds of the salt body as identified in the 2nd vertical derivative, gravity data also
suggests that both Professor Valley ranch and The Professor Valley Field Camp will likely not
be able to reach a good water source at a reasonable depth as all of the land for both groups exist
within the bounds of the subsurface extent of the Professor Valley Diapir.
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CHAPTER 8: LIMITATIONS AND
FUTURE WORK
During this study, the primary limitations for fieldwork were geographic constraints as
well as boundaries along private property. To the east of Professor Valley, the terrain quickly
rises to approach the sheer cliff faces of Cutler Group to Kayenta Sandstones, making data
collection difficult, as well as opening and closing loops in a timely manner to ensure data
quality nearly impossible. To the west it may be possible to collect data across the Colorado
River via rafting in narrower areas. Access to the river and surrounding property would need to
be provided by numerous businesses and resorts that operate in the area and own the land along
the river. Approaching the area to the east of the Colorado River is impossible due to the high
cliff faces as well as the need to enter through Arches National Park and travel miles down a
remote trail which is inaccessible to most 4x4 vehicles. Collecting data along Onion Creek
would not be ideal due to the very narrow areas accessible along the creek, preventing a broad
survey that would allow for interpretation of subsurface salt bodies as well as hazards due to
regular traffic and blind turns. Areas of potential interest for future gravity survey data collection
are indicated in Figure 8.1, although parts of these areas still have limitations due to topography.
Further analysis of my gravity data using 2-D and 3-D modeling methods, including
gravity inversions, can provide better insights on the shapes and extents of salt bodies in the
subsurface. Continued analysis of the MT data I collected with further modeling to determine the
depth of salt in the subsurface could be tied with gravity data in order to make internally
consistent models of the overall 3-D structure. Currently the MT data only confirm salt at depth
due to high resistivity values and the presence of materials with variable resistivities in the nearsurface.
Other geophysical methods, such as magnetics, could also be implemented to create a
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more robust analysis of the area. Astromovich et al. (2022) have shown that the magnetic
susceptibility differences between the Paradox Formation (-600 x 10-6 SI) and surrounding units
(ranging from 50 to 1500 x 10-6 SI) allow additional geophysical constraints that can be paired
with gravity/density models to test plausible subsurface models.
Geologic and geophysical research and data each have their limitations and strengths. As
such, in order to develop accurate models and interpretations it becomes necessary to rely on
each of these data sets to guide the other and fill gaps in data where they may not be present or
are difficult or impossible to make sense of on their own. Unless each of these powerful tools is
used in conjunction, the quality of resulting work will be severely diminished in comparison to
what is possible when implementing both.
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Figure 8.1 – Areas of Interest for future gravity collection bounded in red, excluding
topographic impossibilities.
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